One obstacle that has slowed the development of electrically gated metal-oxide-semiconductor (MOS) singlet-triplet qubits is the frequent lack of observed spin blockade, even in samples with large singlet-triplet energy splittings. We present theoretical and experimental evidence that the cause of this problem in MOS double quantum dots is the stray positive charges in the oxide inducing accidental levels near the device's active region that allow spin blockade lifting. We also present evidence that these effects can be mitigated by device design modifications, such as overlapping gates.
Silicon metal-oxide-semiconductor (Si-MOS) devices form the foundation of current electronics, and the manufacturability, reliability, and scalability of MOS technology are attractive reasons to develop MOS devices for quantum information processing [1] . Spin coherence times in silicon can be quite long [2] , enabling the demonstration of high-fidelity quantum dot spin qubits in MOS devices [3] [4] [5] . Given these successes, MOS is a natural architecture for further development of electrically controlled spin qubits, such as singlet-triplet qubits [6, 7] , which have recently been demonstrated [5] .
Quantum dots in Si-MOS typically exhibit large singlet-triplet splittings in doubly occupied dots as probed by magnetospectroscopy [8] . This is desirable for implementing singlet-triplet qubits because it indicates that only one combination of conduction band valley states is accessible at the relevant operating temperatures (≈ 100 mK), leaving spin as the remaining degree of freedom. Hence, one expects a large singlet-triplet splitting to enable the observation of spin blockade [8, 9] , where tunneling of a second electron into a dot is allowed when the two-electron state is a singlet and forbidden when the two-electron state is a triplet due to spin conservation. This mechanism is required for singlet-triplet qubits because spin blockade is used for state initialization and during final qubit readout [7, [10] [11] [12] .
While spin blockade in Si-MOS dots has been reported [8, [12] [13] [14] [15] , many samples fail to exhibit this phenomenon. Spin blockade can be absent if the singlet-triplet splitting in a dot is small or negative, which can occur in Si dots [16] . However, often spin blockade is not observed even in devices with large positive singlet-triplet splittings. In the experiments reported here, nine out of ten devices failed to exhibit spin blockade despite large singlet-triplet splittings (hundreds of µeV as measured using pulse-gate spectroscopy). Because Pauli spin blockade is absent in these devices, readout and initialization of singlet-triplet qubits becomes impossible.
Here we show that the systematic suppression of spin blockade can be explained via the presence of an unintentional level in the system containing an electron that is exchange coupled to the gate-defined dots. Observation of a magnetic field-independent charging energy in one device studied provides evidence that this mechanism occurs in these nanodevices. We present theoretical calculations that demonstrate that these levels are likely induced by charges present within the oxide layer in typical samples. Specifically, we show that the known concentration of charge defects in typical oxides yields a high probability that unintentional levels will be present, and that one or more electrons in the impurity-induced level are likely to be coupled to a lithographically defined dot with sufficient strength to lift the spin blockade. In addition, our calculations show that modifying the device geometry to increase screening of charges in the oxide layer (for instance, by placing metal gates directly above the quantum dots, as in [3, 4] ) reduces the likelihood of impurity-induced levels occurring in these devices.
Experimental Methods. A batch of ten Si-MOS devices were examined to search for spin blockade, all with a 20 nm SiO 2 layer. A scanning electron micrograph (SEM) of the essential part of a device similar to those measured is shown in Fig. 1(a) . In this device architecture, a global top gate accumulates electrons at the Si/SiO 2 interface, and a double quantum dot (DQD) system is defined by seven confinement gates. The dots are characterized by measuring the differential conductance through the quantum point contact (QPC). A schematic of a device crosssection is shown in Fig. 1(b) . Figure 1 (c) shows a stability diagram [17] in the few-electron regime, demonstrating the characteristic features of a double quantum dot. All measurements of these devices were conducted in a dilution refrigerator operating at approximately 60 mK. For the current batch of ten samples with the same gate pattern, all devices showed orbital energy spacing of at least 450 µeV, but only one exhibited spin blockade. Spin blockade arises as a consequence of spin conservation: when the singlet-triplet splitting is large, a (1,1) triplet state cannot make a transition to a (2,0) singlet without relaxing a spin, a slow process, while the transitions from (2,0) to (1,1) can always occur without flipping a spin [18] (the (m, n) notation here denotes m electrons in the left dot and n electrons in the right dot). Normally, the absence of spin blockade is explained by low singlet-triplet splittings, so the failure to observe it in the remaining nine devices is puzzling.
Magnetospectroscopy experiments were conducted with the magnetic field B parallel to the dot axis on three of the devices. All of these exhibited anomalous behavior and a particular example is detailed in Fig. 2(a)-(b) . Figure 2 (a) shows magnetospectroscopy data in which the B dependent straight line segments normally correspond to a charging transition from 1-to-2 electrons (see Fig 2(b) ). In this case, the transition has an unexpected segment that is independent of magnetic field. The presence of an electron occupying an impurity-induced level provides a natural explanation for such behavior: the vertical line would correspond to a 1-to-3 electron transition with ∆S z = 0.
Figure 2(b) shows possible energy orderings of states with 1, 2, and 3 electrons, as shown in the insets, in a system with one dot and an impurity level. The figure has shaded regions with different energy orderings, see [19] for further details. Charging transitions to states with multiple electrons occur as the gate voltage V R becomes less negative. In magnetospectroscopy experiments, we would normally expect the transition to the three-electron configuration to occur on the far-right-hand side of the diagram, although its exact location depends on the relative sizes of the Zeeman, orbital and charging energy terms. In particular, if the quantum dot confinement potential is weak, and there is the presence of an extra level, then the charging energy for adding two electrons can be small, bringing the 1-to-3 electron transition into the measurement window, as indicated in Fig. 2(b) . While we do not measure the individual energy terms here, in [19] we report values that are consistent with the transitions observed in Fig. 2(a) , as indicated in Fig. 2(b) . The pattern of the transition line is reproduced if one assumes that the 1-to-2 transition rate becomes unobservably slow when the voltage V R is made more negative and the 1-to-3 transition rate becomes slow as the magnetic field is increased. Such dependencies are not unexpected, because tunnel rates typically decrease as depletion gate voltages are made more negative, and a decrease in wave function overlap between the dot and the impurity level is expected due to magnetic confinement.
Theory. We now show that impurities in the oxide layer of these devices can induce unintentional levels that accommodate additional electrons; this provides a natural explanation for the absence of spin blockade in these devices. Electrons in such impurity-induced levels would tend to be difficult to detect experimentally because their energy spacings can be large, and stability diagrams of the lithographic dots are typically taken over voltage ranges where the occupancy of an unintentional level is constant. When an electron in such a level is strongly tunnel-coupled to an electron in one of the lithographically defined dots, spin blockade can be lifted by the exchange process shown in Fig. 2(d) , which is closely related to processes occurring in other three-electron systems [20] [21] [22] , including the quantum dot hybrid qubit [23] .
A crucial ingredient of our theoretical investigation is to estimate the likelihood that a given device has an impurity-induced accidental level that is sufficiently strongly coupled to lift spin blockade. We note that for tunnel couplings t that are small compared to the energy level detunings ε between the gate-defined dot and the impurity-induced level, the rate of virtual transfer of an electron into a singlet state in which one dot is doubly occupied is of order J/h with J the exchange coupling between the two levels. The exchange can be approximated via a Hubbard model by J ≈ t 2 /ε [24] , due to the large ε compared to the charging energy of the dot. ε < 0 corresponds to a (1,1) ground state, where (m, n) denotes m electrons in the lithographic dot and n electrons in the levels induced by the impurity. Below, we compute this rate and compare it to the frequency of the square wave pulses used in the experiment to characterize spin blockade. To lift spin blockade, the electron occupying the impurity level need only be coupled to one of the intentional dots in the system. Simulations. To determine whether typical Si-MOS devices possess large enough charge impurity densities to support the creation of spurious levels containing an electron capable of suppressing blockade, we conducted numerical simulations where individual charged impurities were introduced near the active region of the device. We then estimated the exchange coupling that would exist between the lithographically-defined quantum dot and the induced spurious level. In these simulations, we solve for the screened electrostatic potential and selfconsistent charge distribution of a two-dimensional electron gas (2DEG) located at the Si/SiO 2 interface using the Thomas-Fermi approximation [25] . Figure 3 (a) depicts the Thomas-Fermi electron density for a typical double-dot tuning including an impurity. Our simulations were carried out within COMSOL Multiphysics [26] , a finite element simulation suite. Within these simulations we adjust gate voltages until we have an initial device tuning with approximately single electron occupations of each dot. Exploiting the reflection symmetry of the device, we focused on the right quantum dot, where we calculated the potential experienced by a single electron within this quantum dot V dot . Full details can be found in [19] . Using this potential, we solved a two dimensional (2D) Schrödinger equation for the right dot,
for the lowest two orbital eigenstates i = 0, 1. Here, m * e is the transverse effective mass of a z-valley in silicon. We then adjusted the gate voltages to set the orbital energy splitting, E dot,1 −E dot,0 , to an experimentally reasonable value of 0.5 meV.
We then solved the Schrödinger equation including the potential of a single point impurity with charge ±|e|,
with i = 0, 1. Here, V comb includes both the intentional and impurity-induced dots, |φ comb,0 and |φ comb,1 are the single electron ground and excited states respectively of the combined dot-impurity system. Next, we calculated the exchange coupling between an electron in a lithographically defined dot and in the impurityinduced level as a function of the energy spacing, ∆E = E comb,1 − E comb,0 , for the combined dot impurity-level system, and the overlap integral between the combined system ground eigenstate and the dot's ground eigenstate (in the absence of an impurity), S = φ comb,0 | ψ dot,0 . Using a Hubbard model of a charge qubit, defined between the (1,1) and (2,0) charge occupation regimes of the combined system described in [19] , the exchange coupling J can be estimated. We examined a grid of 5600 possible impurity locations throughout the active region of the device, above and below the 2DEG, amounting to a box of dimension 250 nm × 170 nm × 45 nm, and we sorted each impurity location based on whether or not an impurity at that location would lead to the spin blockade lifting effects detailed above. The Hubbard model used to estimate J is only accurate when the electron in the spurious level is strongly bound, with a large energy level splitting to the excited state. Hence, we require ∆E > 1 meV. The square pulse frequencies in our experiments are approximately 10 MHz, therefore we impose a corresponding lower limit on J of 10 MHz or 4.0 × 10 −2 µeV. This limit enforces the requirement that the spin exchange must be faster than the duty cycle time in the experiments. We mapped out the region of the testing box with impurity locations that satisfy these two requirements, as depicted in Fig. 3(b) . We then find a lower limit on the impurity density that yields a lifted spin blockade with probability more than 50 %.
Results. Our simulations reveal some trends of interest. First, negative charges (such as from phosphorus in the silicon) rarely induce unintentional levels; they only induce an extra impurity level when the impurity is within 5 nm of the 2DEG and close to the center of a lithographically defined dot. When we consider positively charged impurities, the effects are much more pronounced, as shown in Fig. 3(b) . There is a large region directly over the 2DEG where placement of a positively charged impurity induces an occupied impurity level with a tightly bound state that also has a strong enough exchange coupling that spin exchange occurs on a timescale less than 1 µs with a nearby gate-defined dot. If we assume one electron within this volume, we find that a uniform impurity density of 8.6 × 10 14 cm −3 causes lifting of spin blockade with high probability. The Si/SiO 2 interface is a region of concern for MOS-based spin qubits and if we consider the sampled locations nearest to this interface, we find a uniform surface impurity density of 1.1 × 10 9 cm −2 would likely result in an impurity within the spin-blockade lifting area. This density is on the low end of the expected impurity densities for these devices [27] , approximately 10 10 cm −2 in high quality thermal oxides [28] . It is therefore unsurprising that spin blockade is commonly absent in similar devices.
Modifying the gate geometry to increase screening of the oxide layer reduces the likelihood that spin-blockade lifting occurs via this mechanism. To demonstrate this, we examined two modifications to the gate structure: moving the global top gate from 100 nm above the 2DEG to 50 nm, and altering the gate layout to an overlapping gate design similar in layout to that used in [3, 4] on Si-MOS. The details of the gate layout we used were adapted from a device fabricated on Si/SiGe [29] (see [19] for details). Generally, we find that using an overlapping gate structure has the largest impact due to the compact coverage of metallic gates directly above the 2DEG and the overall tighter confinement of the lithographically defined dots compared to the original device considered. Increasing dot confinement might present a route to increase the likelihood of observing spin blockade in existing devices by reducing wavefunction overlap. There is a decrease in the likelihood of spin blockade lifting effects, quantified by an increase in the volume impurity density threshold by a factor of eighteen and also an increase in the interface impurity density threshold by a factor of three. Another potential route for increasing the device yield is to improve the quality of the oxide, particularly at the Si/SiO 2 interface since this will reduce the number of charges in close proximity to the lithographically-defined quantum dots. In addition, moving the active region of   FIG. 3 . Examining locations at which a positively charged defect induces a strongly coupled impurity level in the experimental devices. (a) Electron density within a two-dimensional electron gas (2DEG) under the influence of an impurity potential calculated using a self-consistent electrostatics model with the 2DEG charge obtained using the Thomas-Fermi approximation. (b) Plot of height above the 2DEG of the dangerous regime for positively charged impurities. An impurity with charge +e occurring anywhere below this height and within the colored region will induce a dot capable of lifting spin blockade; we consider this the dangerous region for impurities. The total volume of this region is approximately 1.2 × 10 6 nm 3 corresponding to a minimum impurity density of 8.6 × 10 14 cm −3 above which spin blockade is expected to be lifted.
the device further away from the impurities, by using a Si/SiGe heterostructure for example, also reduces the likelihood of dangerous impurity dots forming.
In summary, spin blockade is not observed in a substantial fraction of Si-MOS double quantum dot devices with large singlet-triplet splittings. This is a general problem that is hindering the implementation of working qubits in this platform. We show that unintentional levels produced by trapped positive charges in the oxide layer, and exchange coupled to one of the lithographically defined dots, suppress spin blockade. Typical densities of defects in these devices are consistent with the observations. This problem can be mitigated by employing device designs in which metal gates are positioned directly over the dots, which improves the screening of the effects of the impurity levels, and also by increasing the physical separation between the 2DEG and the impurities (for example, by employing Si/SiGe heterostructures [10] 
Supplementary Materials
In these Supplementary Materials, we describe our theoretical models and methods.
S.I. Dot Chemical Potentials
We use a simple Hubbard model to calculate the chemical potential for up to three electrons occupying the lithographic dot plus the impurity-induced level system. Let µ(N ) be the chemical potential of N electrons in the combined system. These chemical potentials have several dominant contributions, given by
where E offset,i is the effect of Coulomb repulsion on the total system due to the previous i electrons, α D is the lever arm of the dot, α I is the lever arm of the impurity, J is the exchange energy that between the dot and the impurity for the three electron state, V g is the voltage on the gate, g is the Landé g-factor for silicon, and µ B is the Bohr magneton. We assume that the one electron state is initialized in the spin down (up) state for positive (negative) applied magnetic field, the two electron state corresponds to a singlet in a single dot for the range of fields studied, and that the three electron state initializes in the manifold with total spin 1/2 and z-component spin down (up) based on positive (negative) applied field. Using the parameter values in Table  S1 , we find the energy regions shown in Fig. 2(b) . As a note, for this set of parameters, we also observe a small region where µ(2) < µ(3) < µ(1), which is not shown in Fig. 2(b) . We assume that the same slow tunnel rate that makes the 1-to-2 transition invisible, as discussed in the main text, also suppresses transitions to this two-electron ground state. 
S.II. Finite Element Calculations
We carried out simulations of two electrons occupying a double dot system, and three electrons occupying a double dot system with an impurity-induced level. To begin, we treat the double dot two-electron system semi-classically as described below. We then solve a two-dimensional (2D) Schrödinger equation for one of the electrons, continuing to treat the remaining electron semi-classically.
The three-dimensional (3D) finite element simulations are conducted on a 2 µm by 2 µm section of the active region of the device. The device stack consists of 200 nm of silicon, 20 nm of SiO 2 and 100 nm of Al 2 O 3 . The boundary conditions used in all 3D models were: the bottom surface of the device has V = 0 and all other boundaries have D · n = 0 with D the electric displacement field and n the unit normal at the surface. No dependence was found on the precise location of the simulation boundary edge.
We begin by determining a set of gate voltages, listed below, that yields approximately one electron in each dot. The 2DEG for this system is assumed to be directly at the Si/SiO 2 interface and the charge density is calculated self-consistently via applying the Thomas-Fermi approximation [25] to model the surface charge density,
with m * e the 2D transverse effective mass of a z-valley electron in silicon, V the electrostatic potential at the 2DEG. Here, we assume the valley splitting is large enough to consider only one combination of valley states. In Eq. (S4), the electron Fermi level corresponds to V = 0.
Next, we solve a 2D Schrödinger equation for a single electron in a single dot (we consider the right dot), keeping the following contributions to the potential in mind: the partially screened metal gates (with voltages applied), the electrostatic contribution of the electrons in the system (within the left dot and the reservoirs), and the self-potential of the electron in the right dot. To find the potential experienced by this electron, we conduct an electrostatic simulation of the potential due to the gates and we include the background charge of the reservoirs and the other dot. The background charge distribution is extracted using the Thomas-Fermi approximation with the charge density within the right dot artificially set to zero. We then solve the 3D electrostatic problem, including the gate voltages to find the potential due to the gates and the background charges. To find the self-potential of the electron, we extract the charge distribution of the single electron dot and solve an electrostatic model that only contains this single electron dot charge distribution and the silicon and oxides; the metal gates were removed. The self-potential at the Si/SiO 2 interface is then calculated, and then subtracted from the previously calculated gate and dot potential.
Using this potential, we solve a 2D Schrödinger problem,
in the region of the right quantum dot. We defined this region as a box shown in Fig. S1 (b) and we imposed r| ψ dot,n = 0 on the boundary. No significant variation in quantities of interest were found with variations on the boundary size. From this point, we performed fine adjustments on the gate voltages to set the orbital energy splitting for the quantum dot, E dot,1 − E dot,0 , to 0.5 meV while maintaining single electron occupation of the quantum dots. Once we've found these voltages, we save |ψ dot,0 for the calculations detailed in S.IV. Next, we introduce a charged impurity with charge ±e to the 3D model of the device. We carried out the same procedure as above, but we include the potential induced by the charged impurity in the electrostatic simulation that includes the background reservoir charge, the charge due to the other quantum dot, and the voltages on the metallic gates. From this, we extract the 2D potential experienced by the 2DEG, subtract the electron self-potential, and proceed to a 2D Schrödinger simulation solving
(S6) We will use ∆E = E comb,1 − E comb,0 and |φ comb,n along with |ψ dot,0 to estimate the exchange coupling between the dot and the impurity-induced level in the next step. This process was performed for a 3D grid of impurity locations laterally occupying the dashed box in Fig. S1 (c) and extending up 40 nm above the Si/SiO 2 interface.
S.III. Calculating Exchange Couplings
To compute the exchange coupling between the lithographically defined dot and the impurity-induced level, we need to determine the amount of hybridization between the lithographic dot ground state and the impurity-induced level ground state in the combined confinement potential. Let |ψ dot,0 be the unperturbed lithographic dot ground state, |ψ impurity,0 be the impurity level ground state, and |φ comb,0 be the hybridized ground eigenstate of the combined system. Assuming |φ comb,0 can be decomposed using the |ψ dot,0 and |ψ impurity,0 , we can apply a Hubbard model to estimate the detuning and tunnel couplings from the total system ground state and the lithographic-dot ground state energy gap, ∆E = E comb,1 − E comb,0 where E comb,i is the energy of the i-th eigenstate of the combined dot-impurity system. These parameters are depicted in Fig. S2 .
A general form for the Hamiltonian of a two level system defined by the {|ψ dot,0 , |ψ impurity,0 } basis is given by a Hubbard model:
with ε the energy detuning between the two states of the system and t the tunnel coupling between them. The energies of this system are E = ± 
with θ the mixing angle between the lithographic dot and the impurity dot. Using this model, we can compute the energy difference ∆E = √ 4t 2 + ε 2 and the overlap integral S = cos (θ/2) = ψ dot,0 | φ comb,0 . Inverting Eq. (S7) transformed into the basis defined by Eqs. (S8)-(S9) for t and ε using these variables yields t = ∆E S 2 (1 − S 2 ) (S10) and
In general, it is possible for the ground state and the first excited state of the total perturbed system to not be well described as combinations of the lithographic dot and the occupied impurity-induced level ground states. The most common of these scenarios is when the impurity potential is weak enough that the combined system is almost identical to that of the unperturbed lithographic dot. This particular situation is filtered by our condition on the total system energy splitting and we find generally that this restriction and the limit we impose on the exchange splitting remove the ill-defined scenarios.
S.IV. Device Geometry Modifications
We now show that, by modifying the gate design of the device, we can change the size and shape of the region where placement of an impurity is likely to induce a level containing a spin blockade lifting electron. We examined two modifications to the device design: (i) one in which the top gate was moved closer to the 2DEG, reducing the separation between the global top gate from 100 nm to 50 nm, and (ii) the other consisted of replacing the stadium style gates by an overlapping gate design similar to [29] . This style of design consists of three layers of gates: the first is a screening layer that defines the dot channels, the second layer consists of depletion gates, and the third layer consists of accumulation gates. Separating the layers is a 5 nm conformal layer of Al 2 O 3 . The devices we simulate are shown in Fig. S3 . Both changes would increase screening of charged impurities in the oxide and are expected to increase the minimum impurity density to lift spin blockade.
For the close-proximity top gate simulation, we considered charged impurities in the same region as for the calculations summarized by Fig. 3 . For the analysis of the overlapping gate geometry, we considered a box with dimensions, 110 nm × 170 nm × 20 nm centered under the right accumulation gate starting at the 2DEG interface and going up into the oxide, with a total of 1120 charge locations, as indicated in Fig. S3 . The overlapping gate design defines smaller dots and typically has a larger orbital energy splitting than the stadium style designs. The energy cutoff for this design was chosen to be 7 meV, approximately twice the orbital energy splitting measured in [29] .
In the following, we consider an impurity location dangerous if an impurity at that location leads to the spin blockade lifting effects discussed in the main text. In the closer top gate design modification, the lateral features of the dangerous region are largely unchanged, but the maximum height of that region is reduced by a factor of two. The volume of dangerous impurity locations is 7.1 × 10 5 nm 3 , as shown in Fig. S3(b) , which represents a slight improvement on the original device, and a uniform impurity density of 1.4 × 10 15 cm −3 would yield a high probability of finding one impurity within this spinblockade lifting volume. Considering only the charges at the interface, the area of dangerous impurity locations is 8.7 × 10 4 nm 2 . With a single charge within this area, the dangerous impurity density at the interface is 1.15 × 10 9 cm −2 . This increase in surface density represents a slight improvement on the original device.
The overlapping gate design greatly reduced the dangerous region. This can be attributed to the increased screening as well as the more tightly confined dots inherent to this closely packed gate design, as this close confinement reduces the wavefunction overlap between the lithographic dot and the impurity level. The volume of spin-blockade lifting impurity locations, shown in Fig. S3(d) , is 6.3 × 10 4 nm 3 , and the impurity number density corresponding to one impurity within this volume is 1.6 × 10 16 cm −3 . This increase in density represents a factor of eighteen improvement in densities at which we would expect to start seeing spin blockade lifting effects. Considering only charges at the interface, the dangerous impurity area is 3.2 × 10 4 nm 2 and the corresponding dangerous surface density is 3.1 × 10 9 cm −2 . This limit on the interface impurity density, while improved from the devices described in Fig. 1 of the main text, is still lower than the expected impurity density [27, 28] indicating that we would still expect to see spin blockade lifting effects in these devices. 
S.V. Gate Voltage Tables

